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During embryogenesis and early postnatal development, serotonin (5-HT) regulates a wide variety of neural developmental processes, including cell proliferation, migration, differentiation, programmed cell death, cell--cell coupling, neuritic sprouting, and pruning (for review, see Di Pino and others 2004) . In the central nervous system, 5-HT affects the proliferation of neural progenitor cells and the maturation of postmitotic neurons, either by binding directly to 5-HT receptors located on the progenitor cell itself or by stimulating the release of astroglial neurotrophic factors (Whitaker- Azmitia and others 1996; Azmitia 2001) . Programmed cell death, another critical developmental process linking cell survival to neuronal activity and to the availability of target-or afferent-derived neurotrophic factors, is also significantly reduced in the presence of excess extracellular 5-HT (Persico and others 2003) . In vitro studies indicate that morphogenetic responses to 5-HT can vary dramatically depending on the 5-HT receptor subtypes expressed by different target cells. Neurite outgrowth, for example, can be potently stimulated by 5-HT in dissociated cultures of thalamic neurons, through the activation of multiple 5-HT receptors including 5-HT 1B , 5-HT 2A/2C , and 5-HT 3 receptors, whereas 5-HT 1A receptors exert no effect in the same paradigm (Persico and others 2006) or even inhibit neuritic growth and branching in dissociated cultures of cortical neurons (Sikich and others 1990) .
Altered neurodevelopment is currently recognized as the underlying neuropathological cause of several human disorders, including autism. The neuroanatomical changes ultimately responsible for altered information processing in autistic patients encompass reduced programmed cell death and/or increased cell proliferation, altered cell migration with disrupted cortical and subcortical cytoarchitectonics, abnormal cell differentiation with reduced neuronal size, and altered synaptogenesis, leading to unbalanced local versus long-distance and inhibitory versus excitatory connectivity (for review, see Levitt and others 2004; Courchesne and Pierce 2005; Pickett and London 2005; Persico and Bourgeron 2006) . These alterations impinge on neurodevelopmental processes largely overlapping with those physiologically modulated by 5-HT (Di Pino and others 2004) . Additional evidence of 5-HT involvement in autism pathogenesis comes from the well-established observation that a consistent subgroup of autistic patients displays elevated 5-HT blood levels (Schain and Freedman 1961; Piven and others 1991; He´rault and others 1996; Anderson and others 2000; Anderson 2002; Mulder and others 2004; Janusonis 2005) . This hyperserotoninemia may be due to altered serotonin transporter (5-HTT) expression in platelets (Katsui and others 1986; Cook and others 1988; Marazziti and others 2000; Anderson and others 2002) . Finally, a recent quantitative brain-imaging study has revealed increased cortical gray matter volumes in autistic patients carrying 5-HTT gene variants yielding reduced 5-HTT gene expression and slower extracellular 5-HT clearance rates (Wassink and others 2005) . These convergent findings point toward possible contributions to autism vulnerability by a dysregulation of 5-HTT gene expression, which could affect cerebral cortical growth by altering extracellular 5-HT concentrations during critical periods in neurodevelopment (see Discussion). The present study was designed to explore the potential modulatory effects of 5-HT on neocortical thickness and neuronal cell density, using a rodent model characterized by an excess of extracellular 5-HT due to 5-HTT gene inactivation (Bengel and others 1998; Mathews and others 2004) .
Materials and Methods
The 5-HTT knockout (ko) mice were obtained by homologous recombination, as described previously (Bengel and others 1998). We assessed 8 animals per genotype (M:F = 4:4) from an F6 backcross into C57BL/6J background and 7 animals per genotype (M:F = 4:3) with mixed c129-CD1-C57BL/6J background, yielding a total of 45 animals. Mice were recruited in ''triplets'' (i.e., wild type [wt], heterozygous [hz] , and ko matched by sex and litter to control for nonspecific betweenlitter confounding factors) and perfused at 4--5 months of age, as described previously others 2000, 2001) . Adjacent 50-lmthick coronal sections were processed for 1) Nissl or Giemsa staining and 2) acetylcholinesterase (AChE) histochemistry (Hedreen and others 1985) , as described previously others 2000, 2001) .
The thickness of the cortex and of each cortical layer was measured on AchE-stained sections, at coronal levels corresponding to [25] [26] [27] [35] [36] [43] [44] [45] [55] [56] [57] [58] of the atlas of Franklin and Paxinos (1997) (Fig. 1 ). Images were captured using the C4742 Digital CCD Camera (Hamamatsu Photonics K.K., Hamamatsu City, Japan), and linear measurements were performed using the AquaCosmos software package (version 1.20). For each layer and for the entire cortex, 3--6 measurements were taken in each cortical area and averaged to yield mean thickness measures. Measurements on the same sections were performed in parallel by C.A., M.L.D.A. and A.M.P., until an interrater reliability of ±5% was achieved for total cortical thickness and for each cortical layer measurement. This level of interrater reliability was achieved for all cortical regions, except for limbic areas (cingulate, infralimbic, and retrosplenial), where only total cortical thickness is reported due to insufficient interrater reliability of thickness measurements for single layers.
Neuronal cell densities were measured on Nissl-or Giemsa-stained sections throughout the cerebral cortex using the optical fractionator method (Gundersen and others 1988; West and others 1991) , as implemented by the Stereoinvestigator imaging system (Microbrightfield Inc., Colchester, VT). This method provides precise and unbiased estimates of the total number of cells present in an organ by counting cells only in a fraction of the organ, represented by ''optical dissectors.'' A minimum of 12 sections per animal were used, with periodicity of 2 (i.e., assessing every other section). Mice backcrossed into C57BL/6J were also assessed specifically at motor, somatosensory, and retrosplenial cortices, using all coronal sections available corresponding, respectively, to Figures 25--27 (6--8 sections), 43--45 (6--8 sections), and 53--56 (5--7 sections) of the atlas of the mouse brain of Franklin and Paxinos (1997) . All stereological measurements were performed blind with respect to genotype and background. Optical dissectors were defined using an unbiased counting frame, with width (X) and height (Y) set at 30 lm, and thickness (Z) set at 10 lm, considering that following staining procedures the actual thickness of the sections was empirically found to usually correspond to 20 lm and that two 5-lmthick guard zones were applied. These parameters were chosen following preliminary assessments and provided 1) mean (range) cell counts of 2.49 (1.35--3.12) neurons per optical dissector; 2) mean (range) number of optical dissectors examined: total cortex, 133 (124--150); motor cortex, 96 (62--120); somatosensory cortex, 79 (61--97); and retrosplenial limbic cortex, 86 (70--107); 3) actual number of cells counted: 308--373 neurons per whole cortex, 154--299 per motor cortex, 152--242 per somatosensory cortex, and 174--266 per retrosplenial limbic cortex; and 4) coefficient of variation < 0.1 and usually <0.06 depending on the number of coronal sections available. Neuronal nuclei represented the counting units and were counted only as they first came into focus within each optical dissector. Neurons were distinguished from glial cells based on their size and shape. The vast majority of sections was Nissl stained; a small subset of Giemsa-stained sections were included, after mean neuronal cell counts were assessed in adjacent Nissl-and Giemsa-stained sections from the same 4 mice and found to differ only by 3.3 ± 1.5%, well within the expected sampling variance of the fractionator method.
Animals were not chosen randomly but rather according to a matched design, whereby each triplet includes 3 same-sex, same-litter adult mice carrying 5-HTT wt, hz, and ko genotypes. Therefore, cortical thickness was contrasted using a factorial analysis of variance (ANOVA) for repeated measures, as implemented by the generalized linear model for repeated measures procedure of SPSS (version 13.0), with 5-HTT genotype as within-subject factor and coronal level, cortical region, layer, and sex as between-subject factors, followed by one-way ANOVAs for repeated measures and Bonferroni's post hoc tests. One-way ANOVAs for repeated measures were also employed to analyze neuronal cell densities in these same litter--and sex--matched animals differing by 5-HTT genotype. Neuronal cell densities were obtained by dividing estimated neuronal cell counts by the volume of the cortical area outlined and assessed by the optical fractionator. Data are reported as mean ± standard error of the mean.
All experiments were performed according to protocol K3/98 approved by the Italian Ministry of Health (D.L. 116/92).
Results
The number of functionally active 5-HTT alleles exerts significant effects on cortical thickness, which vary depending on genetic background. Table 1 summarizes measurements recorded in cortical regions displaying significant genotype effects in at least 1 of the 2 genetic backgrounds (the complete data set is available in Supplementary Table 1 ). The most consistent finding in 5-HTT ko mice with mixed c129-CD1-C57BL/6J background is represented by a significant reduction in neocortical thickness, mostly due to a reduction in layer IV thickness, decreased overall by 10.1% and 8.9% in 5-HTT ko compared with wt and hz mice. Although this is especially evident in more frontal S1 areas, receiving somatosensory input from jaw and forelimb, more caudal S1 areas also display the same trend to a lesser extent (Table 1 , left panel, and Supplementary Table 1 ). The thickness of layers I, II/III, and V/VI in these same regions is either unchanged or nonsignificantly reduced. A similar pattern is found in primary visual cortex, with significantly thinner layer IV, nonsignificantly reduced total cortical thickness, and no change in thickness of supragranular and infragranular layers. Also significantly reduced is the thickness of the primary motor cortex in more frontal coronal levels (Table 1 , left panel), whereas no consistent trend is present in limbic areas (Supplementary Table 1) .
Mice backcrossed into the C57BL/6J background also generally display a thinner layer IV, reaching statistical significance in several S1 regions (Table 1 , right panel). However, no cortical region here shows significant reductions in total cortical thickness, due to the presence of thicker layers I, II/III, and/ or V/VI. In contrast to mixed background mice, 5-HTT ko mice backcrossed into C57BL/6J display a trend toward increased and not decreased total cortical thickness, in several S1 areas including jaw, and more frontal forelimb and barrel fields ( An overall factorial ANOVA for repeated measures demonstrates in mixed c129-CD1-C57BL/6J background mice a highly significant effect of ''genotype'' both alone and in interaction with ''layer,'' confirming at the statistical level the notion of a genotype effect mainly affecting layer IV (Table 2; see  Supplementary Table 2 for the complete summary output of the factorial ANOVA). The influence exerted by the 5-HTT genotype explains 14.3% of the variance in cortical thickness, either alone or in interaction with ''layer'' (Table 2) . A trend favoring females over males is also present in mixed background mice, with 7.4% versus 12.6% decreases in overall cortical thickness for females and males, respectively; this trend, however, does not reach statistical significance (genotype 3 layer 3 sex, P = 0.055, not significant [NS]) (Supplementary Table 2 ). On the other hand, mice backcrossed into C57BL/6J display a highly significant effect of genotype only in interaction with cortical ''region,'' reflecting opposite trends in ko mice between relatively thicker S1 and retrosplenial areas Cerebral Cortex June 2007, V 17 N 6 1395 versus unchanged or thinner cortices elsewhere. In these mice, sex effects reach statistical significance in interaction with genotype and with cortical region (Table 2 ). In general, ko:wt thickness ratios suggest that in most cortical areas females display either less of a decrease or more of an increase in cortical thickness compared with males, although this trend is highly region-specific (Supplementary Table 3 ). Overall, up to 16.6% of the variance in cortical thickness is explained by interactions between 5-HTT genotype, region, and/or sex in C57BL/6J mice (Table 2) . Analyses focused exclusively on cortical areas and layers displaying statistically significant differences between 5-HTT wt, hz, and ko mice indicate that 5-HTT genotype, either alone or in interaction with other variables, can explain anywhere between 46% and 74% of the variance in thickness (Supplementary Table 4 ). These analyses confirm the apparent sensitivity of these cortical regions to 5-HTT allelic status.
Mean neuronal cell density measurements immediately reveal prominent background effects, with mixed c129-CD1-C57BL/ 6J wt mice displaying 36.2% higher mean neuronal cell density compared with C57BL/6J wt mice (Student's t = 5.628, 13 df, P < 0.001) ( Fig. 2A) . Neuronal densities measured throughout the neocortex are significantly increased in 5-HTT ko mice with C57BL/6J background (wt:hz:ko = 1.00:1.04:1.17) but not in mice with mixed c129-CD1-C57BL/6J background ( Fig. 2A) . Cortical neuronal densities are similarly enhanced in primary motor, primary somatosensory, and retrosplenial areas of 5-HTT ko mice with C57BL/6J background, although this trend achieves statistical significance only in retrosplenial limbic cortex due to interindividual variability (Fig. 2B) . Genotyperelated differences in neuronal cell density are present in both sexes and are possibly more evident in female ko mice compared with males, for the entire cortex (Fig. 2C ) and for primary motor, primary somatosensory, and retrosplenial cortical areas assessed separately (data not shown).
Finally, 5-HTT genotypic status exerts no significant influence on body weight (mean ± SD for wt, hz, and ko = 36.5 ± 4.6, 35.8 ± 4.4, and 35.7 ± 5.1 g, respectively, F = 0.121, P = 0.886, NS) and brain weight (mean ± SD for wt, hz, and ko = 0.48 ± 0.02, 0.47 ± 0.03, and 0.45 ± 0.02 g, respectively, F = 1.107, P = 0.338, NS).
The same holds true for genetic background: mice backcrossed into C57BL/6J show only a slight reduction of 3.5 g in mean body weight compared with mixed background animals regardless of 5-HTT genotype, whereas brain weights are entirely comparable.
Discussion
The present study quantitates the morphogenetic correlates of 5-HTT allelic inactivation at the neocortical level. Interest in performing this type of assessment was spurred by a recent report describing the influence of functional 5-HTT gene Figure 1 . Coronal levels and neocortical areas assessed for cortical thickness in 5-HTT wt, hz, and ko mice with either a mixed c129-CD1-C57BL/6J background or backcrossed into C57BL/6J. Figure numbers and distances from the interaural line (I) and bregma (B), expressed in millimeters, refer to the atlas of the mouse brain of Franklin and Paxinos (1997) . M1, primary motor cortex; M2, secondary motor cortex; S1, primary somatosensory cortex (J, jaw; FL, forelimb; HL, hindlimb; BF, whisker barrel field; TR, trunk); CG, cingulate cortex; IL, infralimbic cortex; V1, primary visual cortex; Au1, primary auditory cortex; RS, retrosplenial cortex (A, agranular; G, granular).
variants on cortical gray matter volume in autistic patients (Wassink and others 2005) . Our results demonstrate that the 5-HTT gene can affect neocortical thickness and neuronal cell density in epistatic interaction with other loci, whose functional variants are dyshomogeneously distributed among different mouse strains. Both parameters assessed in this study, that is, cortical thickness and neuronal cell density, have been measured in a consistent number of sex-and litter-matched mice differing only in genotype and background. The frequent intra-and interrater reliability checks performed throughout the study for both parameters, the consistency of measurements by raters blind to genotype and background, the steps taken to minimize random sampling error rates in stereological studies, the lack of nonspecific genotype-related differences in body and brain weight, and the congruency of our results with previously published literature on 5-HT trophic effects at the neocortical level (for review, see Luo and others 2003; Di Pino and others 2004) all enhance confidence in the reliability of these findings.
The morphological characteristic most directly linked to 5-HTT null status is represented by a thinner layer IV (Table 1) . Thalamocortical endings transiently express the 5-HTT and 5HT 1B receptors during early postnatal life in rodents (BennettClarke and others 1993; Lebrand and others 1996) . Reuptake through the 5-HTT is primarily responsible for removing 5-HT from the extracellular space and for limiting its action on 5-HT membrane receptors. Not surprisingly, in vivo microdialysis experiments performed in adult 5-HTT ko mice have . The radial spread of thalamocortical arbors in MAO-A ko mice is indeed decreased, with an impressive 50% reduction in terminal branches exclusively found in layer IV (Rebsam and others 2002) . Although parallels between different species must be drawn with caution, it is interesting that healthy humans carrying the ''low-expression'' 5-HTTLPR (i.e., serotonin transporter gene-linked polymorphic region) ''short'' (s) allele associated with slower extracellular 5-HT clearance (see below) show significantly smaller gray matter volumes in several neocortical regions (Canli and others 2005) . The compensatory increase in thickness of supragranular and infragranular layers recorded only in 5-HTT ko mice backcrossed into C57BL/6J likely represents a more complex response, potentially involving both neuronal cells and neuropil. The enhanced neuronal cell densities described for the first time in this study (Fig. 2) could stem from reduced prenatal/ early postnatal apoptotic cell death (Persico and others 2003) . Interestingly, neuronal cell densities here display an increasing frontocaudal gradient (Fig. 2B) , which parallels the gradient of antiapoptotic 5-HT effects previously demonstrated in these same backcrossed animals (Persico and others 2003) . Additional contributions to increased cellularity could also come from 5-HT--enhanced proliferation of neuronal progenitors, by analogy with 5-HT proliferative effects recorded in a variety of in vitro and in vivo systems (for review, see Whitaker- Azmitia and others 1996; Fanburg and Lee 1997; Azmitia 2001; Di Pino and others 2004) . In either case, the lack of 5-HTT genotype effects on cellularity in mixed c129-CD1-C57BL/6J mice is likely due to a ''ceiling'' effect, given the substantially higher neuronal density already present in mixed background wt mice compared with C57BL/6J wt mice ( Fig. 2A) . In addition to enhanced cellularity, the increased thickness of supragranular and infragranular layers is also likely to reflect an overgrowth of neuropil, especially in light of the impressive 5-HT effects on neurite length and branching recorded in organotypic or dissociated cultures of neocortical and thalamic neurons (Chubakov and others 1986; Lieske and others 1999; Lotto and others 1999; Persico and others 2006) . Both activity-dependent and activityindependent mechanisms could underlie 5-HT trophic effects on neurites, as suggested on the one hand by their sensitivity to tetrodotoxin in vitro (Lotto and others 1999) and on the other hand by direct serotoninergic modulation of trophic factors, guidance cues, and migration stop signals as relevant as brainderived neurotrophic factor (BDNF), Netrin-1, and Reelin (Vaidya and others 1997; Janusonis and others 2004; Bonnin and others 2005) . It is not surprising that the vast array of polymorphic genes encoding these and other molecules likely mediating 5-HT trophic effects on supragranular and infragranular layers yield significant neuroanatomical differences in 5-HTT ko mice with different genetic backgrounds.
The morphological features of backcrossed 5-HTT ko mice described in this study display interesting parallels with several neuroanatomical abnormalities found in autistic brains (for review, see Pickett and London 2005) , including increased neuronal packing densities in structures such as hippocampus, amygdala, and enthorinal cortex (Kemper and Bauman 1998) ; increased numbers of neurons in the cerebral cortex (Bailey and others 1998) ; and smaller cortical minicolumns compatible with increased short-range association fibers (i.e., local neurite elongation and sprouting and/or reduced pruning) (Casanova and others 2002; Casanova 2004) . Moreover, autistic children between 2 and 16 years of age display faster-than-normal head growth rates (Piven and others 1996; Courchesne and others 2001) , leading to overt macrocephaly in approximately 20% of the patients (Woodhouse and others 1996; Lainhart and others 1997; Stevenson and others 1997; Fombonne and others 1999; Miles and others 2000; Dementieva and others 2005) . This brain overgrowth, encompassing both cortical gray and white matter volumes (Piven and others 1996; Bailey and others 1998; Courchesne and others 2001) , could receive contributions from altered 5-HT neurotransmission, as strongly suggested by the positive association between cortical gray matter volume and the number of 5-HTTLPR s alleles recently described in autistic patients (Wassink and others 2005) . The 5-HTTLPR is a polymorphic repetitive element present in the promoter region of the 5-HTT gene in humans (Lesch and others 1996) ; compared with the ''long'' (l) allele, the s allele has been shown both in vitro and in vivo to yield approximately half as much 5-HTT gene expression, resulting in slower 5-HT clearance kinetics and higher extracellular 5-HT concentrations (for review, see Murphy and others 2001) . The association between increased cortical gray matter volumes and alleles yielding reduced 5-HT transport activity seemingly supports extracellular 5-HT roles in stimulating the abnormal head growth rates found in macrocephalic autistic patients. Within this framework, the apparent discrepancy between 5-HTT allelic effects on neocortical volumes of autistic patients (Wassink and others 2005) and normal individuals (Canli and others 2005) could at least partly stem from the dramatically different temporal courses of their 5-HT synthesis capacity during early childhood: normal children seemingly display 5-HT synthesis capacity above 200% of adult values until the age of 5 years, then declining to adult values; in autistic children, 5-HT synthesis capacity increases gradually over the same age span, reaching a plateau at mean levels 50% higher than adult normal values (Chugani and others 1999) . Finally, the neuroanatomical differences between 5-HTT ko mice with different genetic backgrounds nicely parallel the significant interindividual heterogeneity in neuroanatomical, biochemical, and clinical parameters present among autistic patients. Therefore, although caution must be exercised when drawing parallels between different species, developmental stages, and health conditions, and although our results do not at all imply that 5-HTT ko mice represent altogether an animal model of autistic disorder, the specific neuroanatomical feature of increased cortical gray matter volume in autistic patients carrying the s allele is indeed mimicked by the increased neocortical thickness and neuronal cell density we describe in 5-HTT ko mice backcrossed into C57BL/6J.
An alternative mechanistic hypothesis would envision 5-HTT molecules directly exerting trophic effects not by regulating extracellular 5-HT levels but instead by inducing, for example, the formation of intracellular oxidative metabolites, as already shown in vascular smooth muscle, Burkitt lymphoma, and cerebellar granule cells (Zilkha-Falb and others 1997; Lee and others 1999; Serafeim and others 2002) . These effects are blocked by selective serotonin reuptake inhibitors, whereas they are insensitive to 5-HT receptor agonists and antagonists acting on 5-HT membrane receptors. In this scenario, 5-HTT gene inactivation would be predicted to yield not a gain but rather a loss of trophic function. Currently available evidence does not appear to support this view. In fact, not only are 5-HT effects on layer IV mediated by extracellular 5-HT and 5HT 1B receptors, as previously discussed, but also increased gray matter volumes in autism are associated with the 5-HTT lowexpression alleles and not the opposite (Wassink and others 2005) . Moreover, elevated 5-HT blood levels may reflect enhanced 5-HTT gene expression, yielding increased densities of functionally active 5-HTT molecules on platelet membranes (Katsui and others 1986; Marazziti and others 2000) . Conversely, the platelets of 5-HTT ko mice contain negligible amounts of 5-HT as they cannot uptake the 5-HT present in the plasma through the action of the 5-HTT (Chen and others 2001) . Contrary to the hypothesis of direct 5-HTT--mediated trophic roles, we find no correlation at all between 5-HT blood levels and cranial circumference in a clinical sample, including well over 200 autistic patients (R Sacco and AM Persico, unpublished observation). Therefore, the neuroanatomical correlates of 5-HTT gene inactivation described in this study appear at this stage to stem from elevated extracellular 5-HT levels. However, more research will be necessary to fully understand 5-HTT roles in intracellular oxidative metabolism because, for example, 5-HTT ko mice surprisingly display enhanced and not reduced hippocampal DNA oxidation (Moessner and others 2002) .
The neuroanatomical abnormalities found in this animal model further underscore the potential relevance of 5-HTT gene variants in normal and pathological human neurodevelopment. Considering the antiapoptotic effects of 5-HT (Persico and others 2003) and the sensitivity of neuronal morphogenesis in vitro to as little as picomolar or 1 nM 5-HT concentrations (Lotto and others 1999; Persico and others 2006) , it is reasonable to speculate that the neurobiological processes underlying increased gray matter volumes in autistic children with genetically reduced 5-HT uptake may at least partly overlap with 
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